Nine different strains of Streptonijws ('S. scabies') have been isolated from scab lesions on potato tubers. These strains were obtained from different cultivars grown in different geographical areas. Four different types of inhibitory reactions were observed when these strains were tested in pairs with each other. Three of these inhibitory reactions resembled the lethal zygosis phenotype that has been reported for other species of Streptomyces. All of the strains exhibited at least two of these inhibitory reactions and were sensitive to the inhibitory reactions of at least six of the other isolates. Five of these isolates were shown to harbour plasmid DNA.
Nine different strains of Streptonijws ('S. scabies') have been isolated from scab lesions on potato tubers. These strains were obtained from different cultivars grown in different geographical areas. Four different types of inhibitory reactions were observed when these strains were tested in pairs with each other. Three of these inhibitory reactions resembled the lethal zygosis phenotype that has been reported for other species of Streptomyces. All of the strains exhibited at least two of these inhibitory reactions and were sensitive to the inhibitory reactions of at least six of the other isolates. Five of these isolates were shown to harbour plasmid DNA.
I N T R O D U C T I O N
The mechanisms of genetic exchange and genetic isolation within Streptomyces are of interest, particularly with respect to the role that plasmid DNA may play in these processes. Several plasmids found within this genus of actinomycetes, such as SCP2* (Bibb & Hopwood, 1981) and pIJ 101 (Kieser et a/., 1982) , have been reported to increase the frequency of genetic exchange between strains. For example, the SCP2* plasmid has been reported to enhance by five orders of magnitude the frequency of chromosomal recombination between two strains of S . coelicolor. The mechanism of enhanced recombination is not understood and does not seem to involve integration of the plasmid into a unique chromosomal site (Bibb & Hopwood, 1981) .
Plasmids also encode two types of inhibitory reactions in Streptomyces. The first reaction is referred to as lethal zygosis and is elicited by most plasmids isolated from Streptomyces (Bibb et ul., 1977; Hopwood et ul., 1979; Bibb et ul., 1981 ; Bibb & Hopwood, 1981 ;  Kieser et a/., 1982). When a strain harbouring a plasmid ('plasmid-plus') grows in contact with a plasmid-minus strain, a sharply defined line of inhibition of the plasmid-minus strain can be detected. This inhibition appears to represent a lack of aerial mycelium and spore formation (Hopwood et ul., 1979; Bibb & Hopwood, 198 1) . It has also been suggested that a proportion of the plasmid-minus cells are killed, although the percentage viability of cells in this zone of growth inhibition has not been tested (Bibb et ul., 1977) . Therefore, lethal zygosis in Streptomyces results in an inhibition of development and possibly in death of the plasmid-minus strain. The involvement of a diffusible substance in the lethal zygosis reaction, although not ruled out, seems unlikely since the zone of inhibition follows closely the points of contact between plasmid-minus and plasmidplus cells (Bibb et ul., 1977) . The ability of the plasmid to elicit the lethal zygosis phenotype is thought to be dependent upon its transfer from the plasmid-plus to the plasmid-minus strain. A 100% correlation between transmissibility and lethal zygosis was reported for deletion and insertional derivatives of pIJ 101 by Kieser et ul. (1982) . In addition, the migration of the SCP2* plasmid from its original host to the developmentally inhibited recipient strain has been detected (Bibb & Hopwood, 1981) . Even though plasmid DNA was detected at a very high frequency within the developmentally retarded recipient cells in the zone of inhibition, no evidence of chromosomal recombination was found (Bibb & Hopwood, 1981) . A high frequency
of chromosomal recombination (66 %) was observed only where donor and recipient cells were growing in contact with each other. Genetic exchange does occur within the zone of developmental inhibition but appears to be restricted to genes carried on plasmids. The processes of plasmid transfer and plasmid-mediated growth inhibition of recipient strains are not understood.
The production of antibiotics is a second type of inhibitory reaction observed in Streptomyces. At least one antibiotic biosynthetic pathway, which results in the production of methylenomycin, has been shown to be encoded by the SCPl plasmid (Hopwood, 1978) . The production of antibiotics that are effective against closely related strains may serve as a mechanism of genetic isolation.
These results have suggested that plasmids play an integral role in both genetic exchange (enhancement of chromosomal recombination) and in the production of inhibitory reactions (lethal zygosis and antibiotic production) within Streptomyces species.
Since most of the studies on lethal zygosis have been done with well-defined laboratory strains of Streptomyes, we were interested to see how widespread this phenomenon, as well as production of inhibitory substances in general, might be among natural isolates of Streptomyces. A particular group of Streptomyces, classified as ' S . scabies' (Thaxt.) Waksman and Henrici, are pathogenic on a variety of underground vegetables, including potato (Davis & Garner, 1978). On potato tubers, the lesion that results from infection by this bacterium is referred to as 'scab '. We have been interested in the interaction between ' S . scabies' and the surface of the tuber. The ability of ' S . scabies' to colonize underground vegetables may provide a unique niche for this organism in the soil. This paper reports our observations of inhibitory reactions between nine natural isolates of ' S . scabies' and our detection of plasmid DNA within these strains. sodium hypochlorite solution and washed three times with sterile distilled water. The diseased tissue was then sliced into I mm thick sections, and these were streaked along the surface of a 5:{ (w/v) water agar plate. After incubation at room temperature for 5-7 d. colonies appeared on the agar surface, and those having streptomycete morphology by microscopic examination were picked and restreaked onto 5 % water agar.
Strc~ptoni.lw.s isolates were cultivated in the laboratory at 30 "C on YDM (yeast extract, dextrose and malt extract) solid medium (Shirling & Gottlieb, 1966 ) and on R2 regeneration medium (Okanishi et ul., 1974; Hopwood c't ul., 1977) . To isolate plasmid D N A , the bacteria were grown on YEME (yeast extract, malt extract) medium to which 34'" (wiv) sucrose and 0.01 M-MgCI, were added (Bibb of uf., 1977).
Spore suspensions were obtained from cultures incubated at 30 "C for 5-7 d. Sterile distilled water (10 ml) was added to each Petri plate and the surfaces of the colonies were scraped with a sterile loop. The resulting spore suspension was filtered through sterile cotton, harvested by centrifugation at 1600g for 30 min, and resuspended in I ml sterile 200; (w/v) glycerol and stored at -20 "C.
Prrthoprticitj-tcwirtg. For pathogenicity testing plants were grown in the greenhouse from clean potato seed pieces planted in pasteurized soil inoculated with the test bacterium (Harrison, 1962). Pots (15 cm diameter) were filled with steam-treated soil. Before planting the seed piece, about 5 cm of soil were removed from the pot and placed in a I litre container. The contents of three plates of YDM medium, each bearing a well-sporulating lawn of the Strc>ptonijvw strain to be tested, were added to 30 ml of sterile distilled water. This mixture of solid medium and spores was ground with a pestle and added to the soil in the 1 litre container. thoroughly mixed. and reapplied to the I5 cm pot containing the seed piece. The inoculated soil was covered with a 2.5 cm layer of peat moss.
Uninoculated agar discs mixed with steamed soil containing a seed piece were used as controls. The resulting progeny tubers were examined for scab lesions 6 12 weeks after planting. Isolations were made from lesions that developed on the inoculated tubers and the isolates were compared to the original strain.
Growth inhihitiori ~i.s.scr~'.s. Tests for the lethal zygosis reaction and for the production of growth inhibitors were made as described by Bibb 1'1 d. (1977) . Strains tested for the ability to elicit the lethal zygosis reaction or to produce inhibitors were streaked in patches on R2 regeneration medium and incubated until good sporulation developed. Such a master plate typically contained lour to eight patches. Lawns of isolates to be tested for susceptibility to lethal zygosis, or to growth inhibitors, were spread on the surface of R2 regeneration plates; the master plates were then replica plated onto these freshly seeded lawns. After incubation at 30 "C for 2-5 d, evidence of traum line formation or zones of growth inhibition were observed. ., 1981) . The gels were stained in ethidium bromide ( I pg ml-I) for 15 min, and the DNA was then visualized under UV light. Restriction endonucleases were purchased from New England Biolabs and used as recommended by the manufacturer. Enzyme reactions were terminated by heating at 65 "C for 10 min.
R E S U L T S
Origins of' the natural Streptomyces isolates Nine different strains of Streptomyces have been isolated from scab lesions on a variety of different potato cultivars. The designations of the isolates, the cultivars of origin, and their geographical location are summarized in Table 1 . The RB1, FLl, PNTl and CBLl isolates were tested for pathogenicity by their ability to form scab lesions on potato tubers. All four isolates produced scab lesions on the test cultivars (results not shown). The pathogenicity of the remaining isolates has not yet been confirmed.
Production of' inhibitory reactions by the Streptomyces isolates
Each strain was tested against all of the other isolates for the production of an inhibitory reaction. Four different types of inhibitory reactions were observed (Fig. 1) . Reaction A appeared to be a typical lethal zygosis reaction in which a sharp zone of inhibition (about 0.1 mm in width) adhered closely to the outline of the test patch (Bibb et al., 1977; Bibb & Hopwood, 1981) . The zone of inhibition in reaction B also adhered closely to the outline of the test patch, but the inhibition zone was wider (about 1 mm) than that in reaction A. In reaction C, aerial mycelium and spore formation of the test patch was inhibited. Reaction C was similar to a type of lethal zygosis reaction reported by Bibb et al. (1981) but was different from the other inhibitory types A, B and D. Reaction D resulted in a larger zone of inhibition (relative to reactions A and B) that did not follow closely the outline of the test patch; this type of reaction suggested the production of a diffusible inhibitory compound.
The results of the inhibitory reactions between the isolates are summarized in Table 2 . Each of the Streptomyes strains exhibited the inhibitory reactions A and D. PNTl and CBLl elicited all four types of inhibitory reactions. Strain ATCC 10246 produced D reactions against seven of the other isolates. Each isolate showed a unique pattern of reactions. The FLl, P N T l , MEl, CBLl and WRBl isolates were particularly sensitive to a reaction D type of interaction, each showing at least five of these reactions when tested against the other strains. None of the strains showed a reaction when tested against itself. Fig . I. Types of inhibitory reactions shown by S1reproniycc.s isolates. A, the RB1 isolate was replica plated onto a lawn of strain ME2; the thin line of inhibition of ME2 aerial mycelium and spore formation is indicative of the type A reaction. B, the CRYSl isolate was replica plated onto a lawn of ME2; the broader and well-defined zone of growth inhibition represents the type B reaction. C, ME1 was replica plated onto a lawn of RBI ; this type C reaction results in the inhibition of the entire test patch. D, the CRYSl isolate was replica plated onto a lawn of ME1 ; the size of the zone of growth inhibition varied depending upon the strains tested and the growth conditions of the bacteria (type D reaction). E, ME2 was replica plated onto a lawn of ME2, resulting in no inhibitory reaction (-, Table 2 ).
Table 2. Growth inhibitory reactions of' the Streptornyces isolates
The strains listed in the left hand column were tested for their ability to elicit an inhibitory reaction against lawns of each of the isolates listed across the top of the table. A, B, C or D indicates a positive inhibitory reaction that corresponds to the types shown in Fig. 1 : -, no detectable inhibitory reaction. These results were reproduced in at least two separate experiments.
ATCC

RBI FLI
PNTl ME1 M E 2 CBLl W R B l CRYSl CBL2 10246 RBI P D D D A A - FL 1 C D D A D D PNTl C A - D - D A ME1 C D D - A D D M E2 A D D D - C D CBL 1 C D D - A - - W R B l C C - A D - CRYSl A D A D B A D ATCC 10246 A D D D A D D CBL2 A D D - B D - A A B A A B A - - D - A A B A A A D A B A D D D - - - - - -
Detection qf'plasmid D N A in the Streptomyces isolates
Since the production of the lethal zygosis phenotype (reactions A, B, and C, Fig. 1) by Streptomjws is suggestive of the presence of transmissible plasmids (Bibb & Hopwood, 1981 ; Kieser et al., 1982) , we screened our natural isolates and strain ATCC 10246 for plasmid DNA Streptomyces inhibitory reactions * Representative results. The lengths determined from at least three independent experiments did not vary by t pRBl contained more than ten cleavage sites for BamHI, BclI, HincII, PstI, SalI and SmaI.
$ The length of this single large HiitdIII fragment was based on the addition of the fragment lengths produced by 6 pFL1-I contained more than ten cleavage sites for HincII, HgiAI, MboI, MnlI, SalI, TaqI and SmaI )I The lengths of these plasmids were estimated from the relative migration of the covalently closed circular form more than 100;.
BgIlI cleavage.
endonucleases. This plasmid had no cleavage sites for BurnHI, BglII, CluI, EcoRI, HindIII, PtdI and XhuI.
of the D N A through agarose gels.
( Table 3) . RBI contained one large plasmid, 64 kb in length, designated pRB 1. This plasmid had one cleavage site for HindIII, four cleavage sites for EcoRI and eight cleavage sites for BglII. Six additional endonucleases that were used for plasmid cleavage each yielded more than ten fragments. The FLl isolate harboured two plasmids which were 26 and 10 kb in length. pFL1-1 had one cleavage site for PstI and two cleavage sites for BcK Fourteen additional endonucleases were used for plasmid digestion and resulted in either no cleavage or cleavage into more than ten fragments (results not shown). pFL1-2 was cleaved into five fragments by BclI. Plasmid isolation from CRYSl revealed the presence of three plasmids which were 35, 14.2 and 7 kb in length. Only pCRYS1-2 was cleaved by BamHI. The CBL2 isolate appeared to harbour at least two plasmids which were 40 and 22 kb in length. pCBL2-2 was cleaved into two fragments by BamHI. The endonuclease cleavage patterns of four plasmid preparations as well as the undigested plasmids are shown in Fig. 2 . Plasmid DNA has also been detected in strains PNTl, CBLl and 10246 by the mini-lysate technique (Schottel et al., 1981) ; these plasmids have not yet been isolated or further characterized. The presence of plasmids in isolates ME 1, ME2 and WRBl has not been confirmed. S. lizidans strain 1326, previously thought to be plasmidminus, has also been shown to harbour at least two plasmids (Hopwood et al., 1983) ; these plasmids could not be physically isolated but their presence was inferred on the basis of their lethal zygosis rections and their enhancement of chromosomal recombination. The results presented here indicated that the majority of our natural isolates of Streptomyces harbour one or more plasmids. We have not yet determined whether these plasmids are involved in encoding any of the inhibitory reactions (Table 2 ) displayed by these isolates.
DISCUSSION
We have obtained natural isolates of Streptomyces from scab lesions on nine different cultivars of potato from various regions in the United States. These strains of Streptomyces were tested against each other for the production of inhibitory reactions. Four different types of inhibitory reactions were observed, and all of the strains exhibited at least two of these reactions against the other isolates. We found it remarkable that all of the isolates elicited inhibitory reactions and that there were so many different types of reactions displayed by a relatively small number of strains. Each of these strains not only produced inhibitory reactions against at least five of the other isolates, but they were also sensitive to inhibitory reactions produced by six or more of the other isolates. These results suggested that the agents which cause the inhibitory reactions must be different from one strain to the next, since all of the isolates were resistant to their own inhibitory reactions.
Our results indicate that inhibitory reactions are common among natural isolates of Streptomyes. One possible explanation for the existence of inhibitory reactions in these organisms is to establish and maintain a niche in the environment. An additional or alternative function of inhibitory reactions between bacteria may be to influence the frequency of genetic exchange.
An intriguing paradox is that plasmids such as SCP2* and pIJ 101 have been reported not only to enhance chromosomal recombination between strains of S. coelicolor or S . liriciuns but also to elicit inhibitory reactions such as lethal zygosis (Bibb & Hopwood, 1981 ; Kieser et ul., 1982; Hopwood et ul., 1983) . It is interesting to speculate why the same plasmid would encode both of these seemingly opposing properties and how these mechanisms of interaction and inhibition are controlled and used to the advantage of the organism. The inhibition of potential recipient cells by either lethal zygosis or antibiotic production may prevent genetic exchange and serve as a mechanism of genetic isolation. Alternatively, an inhibition reaction such as lethal zygosis may actually be the result of enhanced genetic exchange. Within the zone of growth inhibition that develops between plasmid-plus and plasmid-minus cells, 100% of the potential recipient cells contained plasmid (Bibb & Hopwood, 1981) . A greater understanding of the process of plasmid transfer in Streptomyces would provide insights into the process of lethal zygosis and into the mechanism by which plasmids enhance chromosomal recombination.
Three of the inhibitory reactions observed between the natural isolates (A, B, and C of Fig. 1 ) resembled the plasmid-mediated lethal zygosis reactions that have been reported for other species of Streptomyes (Bibb et ul., 1977 (Bibb et ul., , 1981 Bibb & Hopwood, 1981) . We have found one or more plasmids within at least seven of the isolates studied here. It will be of interest to determine whether the plasmids are involved in these inhibitory reactions, and eventually to determine the role that these inhibitory reactions play in either genetic isolation or genetic exchange between soil micro-organisms in nature. 
